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ByAndr~J.Meyer,Jr.,AlbertKaufman,andWilliamC.Caywood

SUMMARY

TheoreticaldesignchartsbasedonNeubertsequationsforsymmetri-
callylocatednotchesarepresentedforestimatingtheapproximaterup-
turestrengthsofbladerootsmadefrombrittlematerials.Thelimitof
applicabilityofthetheoreticalchartsisshownasdeterminedbyrup-
turetestsofplasticmodels.Theoptimumproportionsamongover-sXL
rootwidth,neckwidth,notchradius,andnotchdeptharedetermined
fromthedesigncharts.

Eighteendifferentrootdesignswereinvestigated,theirrelative
strengthswereevaluatedanalyticallyandexperimentally,andtheresults
werecompared.A dovetailroothavingtheoptimumproportionsasestab-
lishedbythisinvestigationwasthestrongestrootevaluated.

INTRODUCTION

Ceramics,cermets,andintermetallicsarebeinginvestigatedfor
turbine-bladeapplicationtoconservestrategicmaterialsandtopermit
operationathighertemperatures.Plasticsarebeingconsideredasa
compressor-bladematerialbecausetheycanbemoldedveryinexpensively
andbecausetheirlowdensitiesresultingreatlyreducedcompressor
weight. Thesenewmaterialshaveverylowductilityandareverysensi-
tivetonotches.Asa result,therootdesignsusedtoattachblades
madeofconventionalmaterialsarenolongerusableforfasteningblades
ofthenewbrittlematerials.

Thepurposeoftheinvestigationreportedhereinistoderivea
basisfordesigningnewbladerootsforbrittlematerials,todevisea
rapidandinexpensivemethodofexperimentallyevaluatingthestrength
ofdifferentrootdesigns,andtoproposeseveralrootdesignssuitable
forbrittlematerials.Theoreticaldesignchartsshowingtheeffects
ofvaryingthedifferentgeometricproportionsofthebladerootand
experimentaldatapointingoutthelimitationsofthetheoretical

‘SupersedesrecentlydeclassifiedI?ACAResearchMemorandumE53C12
byAndr~J.Meyer,Jr.,AlbertKaufman,andWilliamC.Caywood,1953.
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2 NACATN3773

strengthcalculationsarepresented.A numberofnewrootdesignswere
investigated,andtheresultswerecomparedwiththoseofthestandard
fir-treerootnowgenertiyusedintheaircraftturbineindustry:The
investigationwasconductedattheNACALewislabcmatmy.

SWBOLS“

Thefollowingsynibolsareusedinthisreport(forclarification
ofsomeofthesesynibolsrefertofig.1.):
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over-allwidthofbladerootbelownotch,2h+ d

minimumwidthorneckdistancebetweennotches

notchdepth

generalstress-concentrationfactorforarbitrarynotchdepth

stress-concentrationfactorfordeepnotch

stress-concentrationfactorforshallownotch

ruptureloadofspecimen

radiusofnotch,groove,orfillet

tensilestrengthofbladematerialatoperatingtemperature

thicknessofmodd

TEXORETICALBASISFORBLADE-ROOTDESIGN

Thebladesofa compressorora turbineaxeprimarilyloadedin
tensionbecauseofthestrongcentrifugalforcesactingontheblade
massatthehighrotationalspeedsnormalLyencounteredina jetengine.
Actuallythebladesarealsoloadedinbendingbecauseofthegasforces,
butthegasforcesareofrelativelylowmagnitudewhencomparedwiththe
centrifugalforces.Furthermore,thebendingstressescausedbythe
gasescanbeneutralizedthroughcarefuldesignbyoffsettingthecenter
ofgravityoftheairfoilwithrespecttothecenterofthecross-
sectionalareaattherootneck.Thebendingloads,therefore,wereneg-
lectedthroughoutthisblade-rootinvestigation.

Bladesaregenerallyattachedtothehighzspeedrotorsbyengaging
projectionsontherotorwith~oovesornotchesinthebladeroot.This
arrangementresultsinbothtensileandcompressivestressesoccurring
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incloseproximityinthenotchofthebladeroot.Althoughextensive
investi~tionshavebeencompletedtodeterminetheeffectofnotches
intension,bending,andtorsion,theliteraturedoesnotincludethe
typeofloadingfoundinthebladeroot.”Theclosestapproximationis
providedbythecaseofpuretension,ascoveredbymanyinvestigators
(refs.lto 9). NeuberhasderivedthefolLowingequationstodetermine
thestress-concentrationfactorsforsymmetricalhyperbolic-shapednotches
subjectedtotension(ref.1,p.170):

kd=

%=

{

hk8=l+2 ~

(k8- 1)(kd- 1)

#’(k8- 1]2+ (kd- 1]2

(1)

f91

(3)

TheseequationshavebeenconfirmedexperimentallybyI?rodht
(refs.2 ant-3)andothersforspecimensWI.-%notchesofconstantradius
ratherthanthehyperbolicnotch.Thestress-concentrationfactors,derived
byNeuberarevalidonlyintheelasticrangejhowever,forideslly
brittle.materials,theelasticrangeextendstothepointoffracture
andthereforethetheoryshouldbeapplicabletotheimmediateproblem.

Theprimary
tideoftheload
loadisgivenby

Fora given

consideration
thattheroot

indesignhganybladeroot
willcarrywithoutfailure.

dtSt
pr?Z—

%?

isthemagni-
Therupture

rotor,t isrelativelyconstantandis-mainlydeter-
minedbythechordatthebaseoftheairfoil.ThetensilestrengthSt
alsoisconstantfora givenbladematerial,andtherefored~~ iS
directlyproportionaltotheruptureloadofthebladeroot.Inmanyof
thegraphspresented,theordinatewillbe d/Kf dividedby D toobtain
thedimensionlessparameterd/D~,whichwillbecalledtheloadfactor
throughouttheremainderofthisreport.Theloadfactord/~ then
mustsimplybemultipliedbytheover-allwidthD,thethicknesst,
andthetensilestrengthSt toobtainthetheoreticalruptureload.

.
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Byassigningarbitraryvaluestothe@ensionless
and r/D,Iieuber*sequationscanbeusedtoestablisha
fSmilyofcurves.D~vidingh/D by rlD givesvalues
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.

parametersh/D
singlebasic #
for h/rwhich,

whensubstitutedinequation(1),enablesks tobedetermined.From
thegeometryofsymmetricspecimensitisobviousthattheover-all
widthD isgivenbytheneckdistanceplustwicethenotchdepthor

D=d+2h

Dividingby D @VeS Inz
N

. d ~ 2h..-=- —
D D

Thus,fromthearbitrsz’yvaluesalreadyselectedfor
/

h/D,d D iS
readilydetermined.Dividingd/D by 2r/Dresultsin d 2r,theonly
psmmeterneededinequation(2]toobtaink . Then,~ canbedeter-

$ d/D,givestheloadminedby equation(3),which,whendividedino
factord/D~. Thisprocedurewasfollowedtoconstructthebasiccurves
infigure2. Thesecurvesarenotthemostconvenientformforalldesign
purposes,however,becausetheeffectontheloadfactorofvaryingcer-
tainparametersandholdingotherparametersconstantisnotreadily
apparent.Figures3 and4,whichshowthetheoreticaleffectofvarying
theproportionsofa bladeroot,canbeeasilyderivedbycrossplotting
fromthebasiccurvesoffigure2.

Forpin-typeroots(semicircularnotches)theratioofnotchradius
tonotchdepthr/h isconstantoncethemagnitudeoftheincludedangle
betweenthesidesoftheroothasbeenestablished.Figure3(a),con-
structedbyusingstraightlinesradiatingfromtheapexoffigure2 as
illustratedbythe45°line r/h= 2,thereforeshowshowtheloadfactor
isaffectedlyr/D forseveralconstantvaluesof r/h.Thecurve
(r/h.1)showstherelativeload-carryingcapacityofparallel-sided
rootswithsemicircularnotches(notchdepthequalsnotchradius)of
variousradii.Foreachcurveofconstantr/h ratio,thereisanopti-
mumvalueof r/Djforexample,itcanbe seenthatthetheoreticalopti-
mumvaluefor r/D is0.15fortheparallel-sidedsemicircularnotches.
Fora givenD value,smallerradiiresultinhighstress-concentration
factors,thusreducingtheloadcapacity.Largerradiireducetheneck
distanced andtherebyreducetheloadcapacitybydecreasingthecross-
sectionslareacarryingtheload.Fortheshallowernotchestheoptimum
r/D valueisnolonger0.15~butincreasesasthenotchdepthdecreases.

u

~figure4(a)isa graphofthesameinformationpresentedinfig-
ure3(a)exceptthattheloadfactorisplottedagainsth/D asthe

.——- .-——. ———
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abscissainsteadof r/D.Asindicatedbythenearlyverticallocus
passingthroughthepeaksofthevariousr/h curves,theoptimumvalue
of h/D forgivenvaluesof r/h isrelativelyconstant,varyingfrom
only0.09to0.15overthewiderangeofnotchdepthsconsidered.Because
theneckdistanced isequalto D - 2h,theoptimumvalueof d/D
liesbetween0.7and0.82regsxdlessofthenotchradius.

Bycrossplottingwiththehorizontalstraightlinesoffigure2,
E figure3(b)isderivedanditshowstheimportanteffectontheload
G factorofvaryingr/D forconstantvaluesof h/D.Forgivenvalues

ofover-allwidthD andnotchdepthh,theloadfactorincreases
continuallyasthenotchradiusr increases,atfirstveryrapidly
when r issmallandthenmoregradually.

Forcompleteness,theeffectontheloadfactorofvaryingr/D
forconstantvaluesof r/d isshowninfigure3(c).Theeffectof
varyingthenotchdepthh forconstantvaluesof r and D isshown
infigure4(b).Thisfigureisderivedbycrossplottingthevertical
straightlinesoffigure2. Obviously,theshallowerthenotchdepth,
thegreaterwillbetheloadcapacityoftheroot.Theoretically,the
limitingloadfactorinthisdirectionis1.0becausethetheoryis
basedonsimpletension.Whenloadingoccursinthenotch,however,
furtherlimitationsareimposedbecausesufficientbearingareamustbe
providedtoavoidexcessivecompressivestresses,andsubstantialshoulders
mustbeincorporatedtopreventthebladefrompullingoutoftherotor
byplasticflowoftherotormaterial.Theimportanceofbearingarea
wasinvestigatede~e@ments21yandwi~ bediscussedinthesection
PracticalLimitofDesignCharts.

Basedonthesetheoreticaldesigncharts,thefollowinggeneral
conclusionscanbe summarized:

(1)Theneckdistanceshouldbebetween70snd82percentofthe
over-allrootwidth,whichconsequentlylimitsthenotchdepthh to
between9and15percentoftheover-sJlwidthfora fixedvalueof r/h.

(2)Thenotchradiusshouldbeaslargeaspossibleaslongasthe
neckdistanceisnotsacrificedtoobtainincreasednotchradius.

(3)Thenotchdepthshouldbeasshallowaspracticalwhen r/h
canbefreelyvaried,prc?vidingsufficientbearingareaismaintained.

bterpolationinfigures3 and4 isdifficult.Forgreatercon- .
venience,chartswereconstructedtoa largerscale(superpositionof
figure3 dramfourtimessize),andcopiesmaybeobtainedthrougha
writtenrequesttotheNACA.Theloadfactormayeasilybeinterpolated
fromthealinementchartpresentedinfigure5. Thischartcoversonly
themoreimportantareaofthegraphicdesignchartsanddoesnotshow

. . . . . ——_ -. __ —.——. ——— .-—---——-. —— —- --— .. . —— —- ---



6 NACATN3773

thetrendscausedby changingthevariablesasdothegraphicillustra-
tions,butitiseasiertouse. Theloadfactorcanbeestimatedto
thethirddecimalplacebydrawinga straightlinethroughtheknown
r/D and h/D or d/D ratios.Anotherslinementi.chartisneededto
determinedirectlytheloadfactorforknownvaluesof

/
r/d or r h,

buttheratiosusedinfigure5 canbereadilycalculatedfrom r d or
r/h ratios.

.

u“

Twoadditionalapproximatedesignchartsshowingtheeffectofchang- lo
ingeither-thenotchradiusortheneckdistanceindependentlyofD b

%and h sreticludedinappendixA. Thesetwochartsenablethedesigner
toapproximatetheloadfactorwhenonlyr and d areknowninany
convenientunitsoflength.

ROOT~EV..UATEIlBYTENS~ TESl!S

ExperimentalTechnique

Thedesignchartspresentedintheprecedingsectionofthisreport
srebasedonthetheoryfornotchedbarsinpuretension.Whileblade
rootsareloadedprimarilyintension,theloadingisappliedinthe
~t&j thus,partofthenotchsurfaceissubjectedtoveryhighbearing
stresseswhileotherpartsofthenotchsurfaceslightlyremovedfrom
thecontactareaarehighlystressedintension.b ordertofindwhat
effectsthisloadingarrangementhasonrupturestrengthsandtofind
thelimitsofapplicabilityofthedesigncharts,itwasnecessaryto
conductrupturetestsona largenuniberofspectiensinordertocover
theimportantrangesincludedinthecharts.A transparentmethyl
methacrylateplasticwaschosenasthespecimenmaterialbecauseitis
readilyavailableina convenientform,itiseasilymachinedwithsimple
tools,anditpossessesthebrittlequslitiesthatwerebeinginvesti-
gated.Thisplasticalsohastheaddedadvantageinthatithasphoto-
elasticpropertieswhichareusefulinindicatingunsymmetricalloading.
Also,highphotoelasticfringeconcentrationsdenotepointsofhigh ,
stressconcentrationtobealleviatedbydesignchanges.

Morethan400 specimenswerefabricatedandtestedtoobtainthe
datapresentedherein.Abouthslfthisquantitywerebasicnotched
specimenswhichdidnotsimulatebladeroots,whiletheotherhslfwere
usedtocomparethestrengthsofvariousblade-rootprofiles.~ all.
casespresented,theresultsofatleastthreespecimenswereaveraged
toestablisha datapoint.

Thefirstgroupofmodelswere
specimensofvaryingnotchradius.
Forcomparison,a secondserieswas
appliedatthenotches,aswouldbe

parallel-sided,semicircularnotched
Oneserieswaspulledintension.
testedinwhichtheloadingwas
thecaseforbladeroots.Inanother

.——.-— - -.. _. —.- ----——— -— —— ------ . .-—. .———-.
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groupofmodels,notchradiuswasmaintainedconstantandwidthwas
progressivelyreducedinordertoshowthelimitationsofbearingloads.
Manymorespecimensofthistypehutwitha widerangeofnotchradius
andnotchdepthweretested;and,althoughtheresultswerenotplotted
independently,theywerecompiledwiththeactu~rootspecimensshowing
thesametrends.

Severaladditionalrootspecimenswerefabricatedtodeterminethe
N effectsofothervariablessuchastheincludedanglebetweensidesof
2 theprofilesandtheeffectsofadditionallandsusedtodistributetheCJl load.

SpecimenFabrication

Eighteendifferent’rootdesignsweredevisedandproportionedin
accordancewiththetheoreticaldesigncharts.Theprofilesofthese

., roots,someofwhichhavebeenincommonusefora longtime,are
sketchedinfigure6 andthepertinentdimensionsofeachmodelare
listedintableI. Inordertoobtaina fairmmparisonofrootdesign
strengths,allrootswereproportionedonthebasisofinserting54blades
ina rotorwitha dismeterof18inchesanda thicknessof1.96inches.
Themassoftheairfoil(4.25in.long)anditsplatformwereassumedto
beequalforeachrootdesign,andtherotorsegmentsbetweenbladeswere
designedtohaveapproximatelyequalstrengthinallcases.Inorderto
facilitatehandlingandmachining,therootmodelswereallmade2.2times
theexactsize.

Thespecimenswerecutona Sigsawtowithin0.05inchofthefinal
profileandthenwereroutedtofinalshapeona high-speedrouter
(l0,000rpu)withvariousdiametercutters.Therouti@wasaccmuplished
bytwotechniques.WhensmKUfilletsandradii(lessthan0.080in.)
wereneeded,anaccuratelymachinedsteeltemplatewasfollowedbythe
blindendoftheroutingcutter,asphotographedinfigure7(a).Larger
filletsandradiiwereproducedbypivotingthemodelabouta stationary
centerwhichengageda plastictemplatedrilledwithonlytheaccurately
locatedcentersofthedesiredradii,asillustratedinfigure7(b).A
blastofairwasdirectedatthecutterduringroutingtopreventover-
heatingofthespecimenmaterial.

LoadingA~atus

Theplasticspecimensareprovidedwithwedge-shapedbearingsur-,, faceswhichengageself-centeringtapersoftheloadingfixtures.
Severalpinuedlinkagesareincorporatedintheloadingfixturesto
facilitatesymmetricalloadingaboutthecenterlineofthespecimen
(fig.8(a)).Topreventspreadingofthespecimencomponentrepresenting

.
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8 NACATN3773 .+

therotorsegment,anadjustableclampmadeofphotoelasti.cal.lyinsensitive
plasticwasfastenedaroundthematingspecimenpieces.13nsomecases,
a fixtureinwhichvarious-diameteraluminumcylinderscouldbeinstalled
wasusedtogripthenotchedspecimenssothata newspecimenpiece
correspondingtotherotorsegmentdidnothavetobemadeforeachtest
(fig.8(b)). A 10,000-pounduniversalhydraulictestingmachinewasused
forloadingspecimens,whiletheconventionalpolariscopesurroundedthe
specimen,thusallowingtheprojettedfringepatternstobeobserved
duringloa&lg(fig.9). Unsymmetricalloadingwas“correctedby slAght
adjustmentoftheloadingfixture.

RESULTSANDDISCUSSION

Inordertoascertaintheawlicabilityofthesimplifiedtheoryin
evaluatingandpredictingstrengthofthedifferentrootconfigurations,
theplasticmodelswerermtlledtodestruction.However,theplastic
sheetmaterial,nomin&Q1/2inchthick,was usedasreceived,although
thethicknessvariedfrom0.465to0.570inch.Theruptureloadsre-
portedforboththesimplenotchspecimensandthebladerootspecimens
wereadjustedforvariationsinthickness.

NotchSpecimens

Thedesignchsrtspresentedearlierinthereport(figs.3 and4)are
basedona theoryfornotchedbarsinpuret-ionj and, whilebladeroots
sreloadedprimarilyintension,theloadingisap@iedinthenotch,a
conditionnotcoveredbytheory.Inordertojustifytheapplicationof
thesimplifiedtheorytobladeroots,a numberofspectienswitha constant
over-allwidthof1.5inches,andwithoneseriesloadedinthenotchand
theotherseriesloadedasspecifiedbytheory,wererupturedandcom-
pared.Theresultsareshowninfigure10. Thesimpletensilespecimens
showa higherstrengththanwouldbepredictedbyNeuber*stheory,but
a paralleltrendisindicated.Apparently,theplasticmaterialisnot
completelylackinginductility,althoughtheordinarymeansofmeasuring
ductilitywouldshowzeroductility.

Thecurveforthespecimenswithloadappliedatthenotchescorre-
latescloselywiththetheoreticalcurveforvaluesof -r greaterthan
0.4inch.Forvaluesof r lessthan0.4inch,thewerimentslcurve
illustratestheimportanceofprovidingsufficientbearingarea.Asthe
notchradiusaticonsequentlythenotchdepthdecreases,themodelcan
nolongercarrythehighloadpredictedbytheory.Iftheexperimental
ruptureloadisdividedbythenotchdepth,anapproximatelylinear ,.

relationoccursasplotted.Thenotchdepthisdirectlyproportionalto
thebearingareasincethethicknessisconstant.
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Inordertoprovethatreducedbearingareaisthecause”oflossin
loadcapacityratherthanfailureofthetheorytopredicttheloadcapac-
ityofvariousnotchradii,a secondgroupofspecimensofconstantnotch
radiuswastested.Variationsinbearingqea wereaccomplishedby
reducingthewidthofthemodelbelowthenotch.Againtheruptureload
asshowninfigureU droppedrapidlyasthenotch-depthdecreasedbelow
0.2inch.Abovea notchdepthof0.2inchtherup~reloadishigher
thanpredictedbytheory,buttheexperimentalresultsareparallelto
thetheoreticalcurveforthiscase.Whentheruptureloadisdivided
bythenotchdepth,a cuties~lar tothatinfigure10isobtained.
Thesecurvesinfigures10aud11areusedinthesectionPractical
Limit?fDesignChartstodeterminetheusefullimitsofthetheoretical
designcharts. _.

Blade-RootSpecimens

Forconvenienceindesign,thechartsoffigures3 and4 include
aU fiveparameters

/
r/d,d/D,r D,h/D,and r/h.Anytwocanbeused

todeterminetheloadfactord ,whichthenmerelymustbemultiplied ..
%bytheover-allwidthD,thethi ess t,andthetensilestrengthSt

toobtainthetheoreticalruptureload.Theloadfactorandthetheo-
reticalruptureloadforeachdesigninvestigatedareincludedintableI.
Theexperimentalruptureload(anaverageofatleastthreespecimens],
andthepercentdeviationarealsolisted.Itcanbeseenthatthe
notchtheoryiscapableofpredictingthe~ptureloadonlywithinabout
&20percent,butthisaccuracyisnottoopd~rwhenthegreatdifferences
indesignconfigurationsareconsidere&_The-er of10~-carr@u3
lands,forexample,varyfrom2 to12,andabouthalfthedesignsincor- -
poratedinterposingpiecesbetweenthebladeandrotorcomponents.The
largestpartofthediscrepanciesprobablyarise,however,fromthelack
ofperfecthomogeneityofthespecimenmaterial.Withbrittlematerials,
minutedefects,nicks,andscratcheshavepronouncedeffectsonrupture
strengths.Seeminglyperfectspecimensofidenticalmodelsvarycon-
siderably(j--lOpercent)intheirruptureloads.

Blade-RootDesignProcedure

Thedesignprocedureisillustratedinfigure
cateofthedesigncharts(fig.3)superimposedon
thedesignpointsofthevariousrootdesigns.

12,whichisa dupli-
onesheet,including

. Fir-treedesigns.- Thethree-andthesix-serrationdesignsare
typicalofproportionsusedformetalturbinebladesandareincluded
forcomparativeevaluations.Aswouldbeewectedbecauseofthevery
smallnotchradii,thedesignchartsshowa lowloadfactor.Theactual
ruptureloadisrelativelyhighbecausetheover-allwidthD atthetop

- . . . ,. —. —.. - --———. — —.



10 NACATN3773

serrationisinherentlythehighestobtainablewithanydesign.The
modifiedfir-tree,two-serrationrootwasspecfiicallydesignedfor
brittlematerialsinaccordancewiththedesigncharts.Thehigh D
wasretainedandthenotchradiiweregreatlyincreased,thusattaining
oneofthehighesttheoreticalruptureloadsofallthedesigns
(tableI). Thespecimens,however,consistentlyfailedatthelower
neckata reducedruptureload.Thelowerblade-rootneckcouldnotbe
widenedwithoutreducingthewidthofthewheelsegmentbetweenblades
andthusoverstressingtheturbinerotor.

Pindesigns.- Thepindesignswereproposedprhuarilybecausea
relativelysoftandductilematerialcouldbe insertedbetweentheblade
androtormaterialtopreventunevenloaddistributionoverthesurface
ofthebrittleblade=terial..Secondly,thesedesignsaremoreeasily
fabricatedinproduction.

Onthebasisofstressdistributioninboththerotorandtheblade
root,theincludedsngleofthepininshear-typeroots(semicircular
notches)wasselectedtobe37°,thusfixingtheratior/h equalto1.46.
Thepinrootdesignproportionsweredeterminedbyremainingcloseto
thepeakofthe rfh=1.46designcurve.Thetwo-pindesignresulted
inlowtheoreticalruptureloadsbecausethepinremovescross-sectional
areasnormallyavailableforcarryingtensileloadsinthebladeroot
orintherotororboth.Thefour-pindesignprovidesa largerD while
theloadfactor.isalsoslightlyincreased(fig.12)andthisdesign
stillpermitssufficientlystrongrotorsegments.Thesix-pindesign
providesa stilllargerruptureloadbyincreasingD eventhoughthe
loadfactordropsslightly,asshownonfigure12.

Thetwo-pinrootwithpinsincompressionagainillustratesthe
importanceofprovidingsufficientbearingarea.Theneckdistanceand
pindiameterarethesameasthetwo-pin-in-shear-typeroot,butthe
experimentalruptureloadis10percenthigherasa resultofaddingmore
bearingarea.Itisinterestingtonotethattheeqerimentalrupture
loadofthepin-in-compressionmodelisaboutequaltothetheoretical
ruptureloadofthetwo-pti-in-sheardesign.Thesameimprovementcan
probablybemadeinthefour-andsix-pinmodels,butitisquestionable
iftheslightimprovementwouldwarranttheaddedmachiningcomplication.
Forthepin-in-compression-typerootitisdifficulttoascertainthe
effectiveD becausethethinedgescannotsupportanyload.

Thestaggered-pindesignisthefinalpin-typerootinvestigated.
Byalternatelystaggeringthepins,itwashopedtoincreasetherupture
loadby-reducingthecrosssectionremovedbypinsata givenradiusof
therotor.Thisdesign,however,inherentlyhasa lowerloadfactor
(fig.12),andtheexperimentalruptureloadisstilllowerprobably
becauseoftheintroductionofbendingloadsresultinginverynonuniform
loaddistributionattheneckoftheroot.Actuallythedesigncharts

—.—-. —— ——. .— —-----
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donotapplyforthiscasebecausethechartsarebasedonsymmetrically
locatednotches.However,theaccuracyisasgoodasinothercases.
Thetheoryfornotchesononlyonesideofa platewouldpredicta lower ~
ruptureloadagreeingmorecloselywiththeexperimentalloadforthe
staggered-pinroot. )

Dovetaildesigns.-DovetailmodelA wasproportionedsoastobe
closetothepeaksofthe r/h curvesonthedesignchart(fig.12]
andtoprovidewhatappesred-tobereasonablebearingshoul&sandnotch

% depths.DovetailB wasanexploratorydesigninwhichthetheoretical
G loadfactorofdesignAwas retained,whilethenotchradiusandnotch

depthwereincreasedbyreduchgtheneckdistance.Theexperimental
ruptureloadaveraged12percenthigherformodelB thanformodelA .
andishigherthanforanyoth= rootdiscussedthusfar. Thisincrease

u isnotpredictedbytheoryandthereasonfortheincreaseisnot
understood.

lhterlockdeSi@3 s - The interlockdesignisa verypromisingcon-
figurationbecauseitpermitsverylargenotchradiiintherootwithout
introducingsmallradii,andconsequentlyhighstressconcentrations,in
therotorsegments.Itutilizesa softductilematerialbetweenrotor
andblade,andisself-centeringaccordingtotheloadsactinguponthe
bladebecauseitcanrotateslightlyh itssocket.Theinterlockdesign
shouldbetheeasiestofalltherootstofabricatebothforbladesand
fortherotorrecesses.Theradiioftheblade-rootnotchandtherotor
socketweremadeequalinthemodelsinvestigated,althou@theymay,of
course,beofdifferentvaluesifadvantageousforparticularcases.
TheproportionschosenforinterlockA gavethehighesttheoreticalload
factorattainedandonewhichcorrelatedwellwithexperimentalresults.

~terlockB wasdesignedtoobtainanincreasedover-allwidthD.
Thebearingareawasincreasedwhiletheneckdistanced waskeptcon-
stant. Itwasrealized,however,thattheloadfactorwouldbereduced
(fig.12). Thee~erimentalruptureloadsagreedverywellwiththe
theoreticalpredictedvalue,butweremuchlowerthanforinterlockA.

InterlockCwasanattempttoincreasetherupturestren@hsof
interlockA byaddingload-carryhglands.Thefirstspecimensconsist-
entlyrupturedbetweenthetwupins.~ thesecondgroupofspecimens
thepindiameterwasreducedslightlytoreducetheloadcarriedbythe
pins,butstillthe“&uptureloadswerelowerthanforinterlockA,even
thoughanoccasionalfailureoccurredsimultaneouslyattheupyerneck.
Thelowerfailureloadisprobablye~ned bytheinstantaneousshock
loadingappliedtotheupperneck,whichcausestheuppernecktorupture

●

immediatelyafterthelowerneckbresks.

.. . . -- . .. .—— -..—.-—————.——— --- - .— ——.-
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.

Ballandwedgeroots.-M-notedina~endixB,anappreciable
increaseinruptureloadistheoreticallypossibleifa filletrather
thana notchisused.ThebsllandwedgerootslendthemselvestofilJets ‘‘
andthereforewereinvestigated.Theycannotbeproportionedtoobtain
highloadfactorsonthedesigncharts.Theball-rootdesignispoor
becausethisdesignisverypronetopulloutoftherotor,particularly
withlargerradiiattheneck.Thewedgerootwithlargeradiusreduces
essentisXLytotheforniofthedovetailandnolongerretainsitsflat-
loading-surfacecharacteristicofthewedgedesign.-

Thesedesignswerereproportionedwiththeintentionofstaggering
adjacentroots(long,short,long,short,etc.) aswasdoneinearly
turbosuperchargers,thussallowingallrootdimensionstobe increased.
Thisproceduredidproduceanincreasedruptureload,butalsothe
operatingloadswerehigher.kecauseoftheextendedneckandsubsequently
increasedblademass.Thisprinciplewasalso~ytically investigated
forthedovetailandinterlockdesigns,butthenettheoretical.gain
wasnegligibleanddidnotwarranttheaddedcomplication.

Practical LimitofDesignCharts
,.

A definiterelationwasnotedbetweenthenotchdepthandrupture
loaddividedbythebearingareaforthesimplifiednotchspecimens
(figs.10and11). Plottingthedatapointsfordifferentspecimenson
a singlegraph(fig.13)showedthatallthepointsfellcloselytogether
ina singleenvelope.Thereisnocorrelationbetweennotchradius, -
neckdistance,oranyotherfactorandthepositionofthedatapoint
(highor10.)intheenvelope.Sincethespecimenstestedincludea
thoroughcoverageofaXlthedesignvariables,itisdoubtfulthat
additionalspecimenscouldbemadetoappreciablyexceedtheupper
boundaryoftheenvelopeoffigure13. Thisupper-boundarycurvethen
becomesthelimltbeyondwhichthebearingstressesexceedthecapa-
bilitiesofthematerial.Thesedata,ofcourse,applydirectlyonly
forthemethylmethacrylateplastic,butthelidt curvesforother
materialsshouldbeverysimilar. It isdoubtfulthatthelimitcurve
ofanyothertrulybrittlematerialwillhavemuchhighervaluesthan
fortheplasticchosen,becausetheductilityoftheplastic,though
slight,isgreaterthantheductilityoftheotherbrittlematerials.
Therupture loadisgivenby

Pr=

The eterusedinfigure13is
%F . Thus,inordertoobtain
chartsfigs.2,3,4,and12),

dt~

F

pr~t~ whichthereforeequals
theloadfactorusedinthedesign

.,

.- ..— . .. .. .. . . . — —.-. —
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H()d ‘r h——
~= Dht St

ThefactorPrfihtmustbemultipliedby the mrrespondingnotohdepth
h anddividedbythetensilestrength~ ofthematerial.Thishas
beendonewiththelimitcurveinfigure13toobtainthelimitcurve
infigure14bydivid~ by St= 12,000poundspersquareinch,which

s isveryclosetotheaverage~ ewerimentallydeterminedforover+m 20unnotchedtensilebars.

Themaximumtheoretic&1loadfactorthatcanthusbeexpectedis
0.462.~ otherwords,themaximumruptureload(inpounds)attainable
perinchofrootthicknessandperinchofover-allwidthfortheplastic
modelsis46percentofthetensilestrengthofthespecimenmaterial
expressedinpoundspersquareinch.Thedimensionalratiosestablished
bytheoptimumpointare

... r/D= 0.45,hfi= 0.175,r/h= 2.54,d/D= 0.650,andrfd= 0.69
.

Becauseofthehorizontalflatnessofthelimitc- inthisregion,
theseratioscanbevariedappreciablywithouta reductioninloadfactor.
Figure14(a)showsthatfor h/D greaterthan0.175,increasesinthe
notchradiusforgivenh and D valuesresultincontinualincreases
intheruptureload(followingtheconstanth/D curves)untilinter-
sectionwiththelimitcurve,afterwhichthereisa gradualdecrease
inloadcapacityfollowingthelimitcurve.Figure14(b]indicatesa
rapidincreaseintheruptureloadforanygivennotchradiusandover-
allwidth(r/Dconstant)asthenotchdepthdecreasestothepoint
wherethebearingstressesbecomeexcessive(intersectionof r/D curve
andlimitcurve)andthereaftera rapiddropinruptureloadforfurther
decreasesinthenotchdepth.

ThetheoreticalloadfactorofinterlockA isslightlygreaterthan
thetheoreticalmaximumattainablevalueonthebasisofbearingload,
anditisinterestingtonotethattheloadfactorcomputedfrcme~eri-
mentalruptureloadsis0.454,orslightlybelowthetheoreticallymaxi-
mumattainableloadfactor.Theonlyrootconfigurationotherthanthe
interlocktypewhichlendsitselftotheseoptimumratiosisthedovetail
design.A dovetailrootthereforewasproportionedtomatchtheoptinuun
ratios.Thisrootisshownh figure6 asdovetailC. Theexactdimen-
sionsused~e includedintableI. Tensiletestsofthisoptimumroot
resultedinthehighestruptureloadreachedbyanyoftheblademodels>
thussubstantiatingtheusefulnessofthedesignchartsandthelimit
curves..

,

. _ . ..— — .—— — —- — -._ —-.—-— —. — — ——- — —-— —-
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Theeffect
tailrootbelow

EffectofWcludedAngleonDovetailRoot

ofvar@ngtheincludedanglebetweensidesofthedove-
thenotchwascheckedfordetrimentaleffects.The

includedanglewasvariedona seriesofspecimensfrom0°(parallel
sided)to120°whileallotherdimensionswereheldconstant.Asillus-
tratedbythedatapointsinfigure15,withintherangeinvestigated,
theeffectofincludedangle,ifany,wasfarovershadowedbythescatter
ofthe

A

experimentalruptieioads.--

EffectofAdditionalLoad-Carr@ngLands
.

seriesofsix-serrationfir-treespecimenswasfabricated;and
.perfectmatchingbetweenbladeandrootcomponentswasproducedby
observingthephotoelasticfringe‘~tternsunderlightloads,removing
thehighspots,andrepeatingthisprocessuntil.aU teethawearedto
beapproW.matelyequallystressed.Thenvaryingnumbersofteethwere
removed.Theresultsoftensiletestsonthesespecimensareplotted
infigure16. First,fromthefigureitcanbeseenthattherupture
loadisa linearfunctionofthenumiberofteethr~. ~congy,
itwillbenoticedbyobservingthetwotypesofdatapointsinfigure
16thatthematched12-toothrootsrupturedathigherloads(averaged
3526pounds]thanthemodelsmadewithnormelprecautions,thuscorre-
spondingtostandardproduction-linemachiningtolerances(averaged
2439pounds). Thematched12-toothmodelsfracturedatevenhigher
loadsthanpredictedbytheory(2570pounds)accordingtotableI and

, higherthanwouldbeindicatedbythebearing-stresslimitcurve(forthe
samer/D,fig.14,thelimitcurvegivesa loadfactorofO.282Jwhich
correspondstoa ruptureloadof3020pounds).Thisincreaseaswell
asthelinearrelationisduetothedecreasedbearingstresses,bearing
stressesbeinginverselyproportionaltothenmiberofteethactually
carryingtheload.Thelimitcurveisbasedona singlepairofload-
carryinglandsandmultfiandrootsofnormaltolerancewheretheloads
areprobablyalsocsmriedbya singlepairoflands.Therefore,it
wouldappearbeneficialtoincorporateadditionalload—~ lands
providedmatingpartsszeextremelyaccuratelymachinedorarehand-
fitted.Itshouldbeemphasized,however,thattherotorandblade
componentsweremadefromthesameplasticmaterial,andthetestswere
conductedatroomtemperature.Iftherotorweremadefroma conventioneJ-
turbinematerialandthebladeswere-e ofabfitfleceac~ cermet>
orintermetalliccompound,thenevenifthematchingswereperfectupon
assenbly,considerablemismatchingwouldresultunderoperatingloads
andtemperaturesbecausethemodnliofelasticity,therotorandblade
stresses>andthecomponenttemperaturesa33.wouldbedifferent.If
theseeffectscouldallbeaccountedforinthedesignstagefora
particularoperatingspeedandcondition(suchcouldbedoneonlyfor
onespeedendpowercondition),thenitmightbeimpossibletoassemble

.— - .— —.
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theprecisionpartsinthecoldstaticstate.Onepossiblemeansof
overcomingsomeofthesedifficultiesintheuseofbrittleblademateri-
alsistoinserta softductileshimmaterialbetweenthebladerootand
therota?.Thesoftmaterielshouldthendeformunderload,takingup
whateverdimensionaldifferencemayexistordevelop.

. Thefactthatthefour-pinandsix-pinrootscarrymoreloadthan
I thetwo-pinrootcannotbeattributedtotheadditionallands.The

theoreticalstrengthisbasedononlythedimensionsoftheneckclosestN
z totheairfoil.Thisneckalonecouldtaketheexperimentalloads
w attained.Additionallandsarenecesscryinthesecases,however,because

ifalltheloadistransmittedthroughthetoplandalone,thewheel
segmentbetweenadjacentbladeswouldfailatverylowloads.

Basedonthe
specimens,itwas

COIW’LUDINGREMARKS

theoreticalanalysisandontherupturetestsofplastic
foundthatthetheoryforsimplenotchesloadedin

tensionwasapplicableforestimatingthestrengthofblade-rootmodels
loadedinthenotches-exceptwhenthebearingstressbecsmeexcessive.“
Thedesignchartsconstructedaccordingtothenotchtheoryforsymmetri-
callynotchedplatesloadedintensionarecapableofpredictingthe
actualruptureloadsoftheplasticblade-rootmodelswithinabout

, *2Opercentregardlessofthesizeordepthofthenotchesorthenuuber
oflandscarryingtheload.

Theoptimumrootproportionswereestablishedasdeterminedlythe
limitingcompressivestressesthematerialcanwithstand,andtheblade
rootdesignedtohavetheseproportionsshowedthegreateststrengthof
the18differentdesignstested.Theinvestigationfurthermorerevealed
thatthenetstrengthofrootscannotbe increasedappreciablybystagger-
ingadjacentrootsatdifferentradialdistancesfromtherotoraxis.
Althoughtheloadcapacityoftherootsisincreasedby staggering,the
operatingloadsactingontherootsarealsoincreased,resultingina
negligiblenetgain.

Theuseofmorethana singlepairofload-carryinglandstoincrease
therupturestrengthofrootdesignsdoesnotseemtobe practicalwith
brittlematerialsbecauseoftheextrememachiningaccuracyrequired.

‘SUMMARYOFRESULTS

< Thefollowingresultswerederivedfroma theoreticalandexperi-
mentalinvestigationconductedtofacilitatethedesignofrootsfor
bladestobemadefrombrittlematerials:

~——- -—- -—— —--- -- -. - — --- ----—— — —— —- -..—
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1.Forpin-typerootswheretheratioofnotchradiustonotch
depthisa constant,themaxhnumtheoreticalruptureloadisobtained
whentheneckdistanceisbetween70and82percentoftheover-sU
widthandconsequentlythenotchdepthisbetween9 and15percentof
theover-sllrootwidth.

2.Decreasingthenotchdepthfora givenover-allrootwidthand
notchradiuswillcontinuaU.yincreasetheruptureloaduptothepbint
wherethebearingstressesbecomeexcessive,afterwhichtherupture
loaddropsveryrapidly.

3.~creasingthenotchradiusfora givennotchdepthandover-aid.
rootwidthincreasestheloadcapacityoftherootuntilexcessive
bearingstressescausea gradualdecreaseinloadcapacity.

4. Akbuitcurve,basedonthecompressivestressatruptureofthe
plasticmodelsandindependentofnotchsizeordepth,wasestablished
whichindicatedtherangeofusefulnessofthedesigncharts.

5.Theoptimumrootproportionsasestablishedbythelimitcurve
are:Thenotchradiusshouldbe69percentoftheneckdisticejthe
notchradiusshouldbe45percentoftheover-allrootWidtijandthe
retchradiusshouldbe2.54timesthenotchdepth.

6.A dovetail-typerootproportionedinaccordancewiththeoptimum
ratiosattainedthehigheststrength.

7.Theinterlock-typerootrequiredthenexthighestloadtoproduce
failure,secondonlytothedovetailroots.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,March12,1953

.

.
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APPENDIXA

SIMPIJFIEDDESIGNCHARTS

I

Thedesignchartspresentedinfigures3 and4 areexactplotsof
Neuber’sequations.Theassumptionthatforallrootsthenotchdepth
h equalsthenotchradiusr or r/h= 1 introducesonlya small
errorinruptureloadevenforverydeeporveryshalldwnotchesunless
thenotchradiusisverysmall.Iftherelationh= r isused,the
familyofcurvesforconstantvaluesoftheratioD/d asordinarily
presented(refs.3 and5 to9)reducestothesinglecurveforsemicir-
cularnotchesshownbytheuppersolidlinecurveinfigure17. The
errorthatisintroducedbyassumingh = r fordeepnotchesupto
h= lor andforshallownotcheswitha depthequaltoonehalfthenotch
radiusisshuwnbythespreadin Q out~nedbythetwodashedcurves.
Anerroroflessthan10percentisintroducedforallvaluesof r/d
greaterthan0.2,whichiswellwithinthescatterbandofexperimental
data.Valuesof r/d lessthan0.2wouldneverresultina gooddesign
forbrittlematerials.

Bycrossplottingfromthecurvefor h = r (fig.17),thesimpli-
fieddesigncurvesoffigure18areobtained.Theloadfactord/Kf
inthesecurvesisdifferentfromtheloadfactorpreviouslyusedin
that,inthiscase,itisindependentof D and,therefore,toobtain
theruptureload,mustbemultipliedbyt and St.Figure18(a)shows
directlytheeffectonloadcapacityofvaryingonlythenotchradiusfor
constantvaluesofneckdistanced. Fromthesecurvesitcanbeseen
that,when r issmall,largeincreasesinruptureloadwillresult
fromincreasingr;however,when r islarge,appreciablechangesin
r willnotgreatlyaffectthefinalruptureload.

Infigure18(b),theotherimportantvsriable,neckdistanced,is
plottedagainsttheloadfactord/~ forconstantvaluesofnotch
radius.Theload-carryingcapacityoftherootincreasessteadilyas
theneckdistanceincreases;andastheneckdistancebecomeslarge,this
relationbecomeslinearandofapproximatelyequalslopeforthediffer-
entvaluesof r. Obviouslyd shouldbemadelarge,butitsmagnitude
islimitedbythesizeoftherotorandthenwiberofbladesthatmust
beinstalledintherotor.

Theover-allwidthD cannotbeindiscriminatelyvariedwithout
regardtotheumberofbladesorrotorsizeasisdirectlythecondi-
tioninfigure18. Theumberofbladesperrotorislargelydictated
byaerodynamicconsiderations.Fora givenrotor,D is relatively con-

. stantandisroughlyequaltotherotorcirctierenceattheradiallo-
cationoftheblade-rootnecksdividedbytwicethenumberofblades.
Both r and d cannotbefreelyvariedwithoutconsiderationofthe
numberofbladesandrotordiameter.Forexample,d mustalwaysbe

.

. . .—— .— —-- — — — - — — .- — - ——--
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smallerthanD’and,therefore,maybe considereda functionof D.
Likewiser islimitedbyboth d andpracticalnotchdepthsorco-
mpressivestresslimitations.Thechartsoffigure18permitthedesigner
toestimatetheruptureloadwithoutdecidingonnotchdepthbutthey
donotpointouttohimthezonesofexcessivecompressionstressesas
wasdoneinthedesignchartspreviouslypresented(figs.3 and4). For
thesereasonsthemostusefuldesigncharts,thoughnotassimpleto
use,arethosepresentinthebodyofthereport.~.

In
$
N

..
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INCREASEDLOAD

Anotherpossiblemeansof

APPENDIXB

CAPACITYBYUSEOFFILLETS

increasingtheload-carrying
bladeroots,mrticularly rootswithrelativelysmsllnotch

capacityof
radii,is s

indicatedbytheexperimentallyestablishedcu&mforfillets(fig.17).
Thecurvesforbothfilletsandnotchesareshownforcomparison,andan
appreciableimprovementisnotedoverthenotchedrootofthesameradius - -
ifa filletisusedbetweentheraigeof r/d from0.05to0.45.These

~ resultssuggestprovidinga straightsectionatthebaseofthenotch,
whichconditionapproximatesthatforfillets.Generally,however,the

$ advantageofthefillletisoffsetbytheaddedweightandconsequently
y increasedcentrifugalforceproducedbythelengthenedblade-rootneck.

1.Neuber,H.: Theoryof
. Calculation.Trans.

Nov.1945.
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6-8ermsticmfir trea .0ss 1.s00 1.783 .143
14cdifiedfir tree .298 1.2U8, 1.767 .224

2 Pin in B~ o.22a 0.630 0.938 0.154
4 Pin in ohear .243 ,897 1.231 .187
8 Pln in shear .175 l.lm 1.410 .120
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(a)Parameterr/h ccmetant.

PigOre3.- TheoreticalchertefordOS@IlOfbtittk-mata’ldbla(k*
beaedgn Heuber‘eequatlone(loadfactore+gd.nstnotch-tiue ~ter).
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